We report the detection of a compact (∼ 5 ′′ ; about 1800 AU projected size) CO outflow from L1148-IRS. This confirms that this Spitzer source is physically associated with the nearby (≈ 325 pc) L1148 dense core. Radiative transfer modeling suggests an internal luminosity of 0.08 to 0.13 L ⊙ . This validates L1148-IRS as a Very Low Luminosity Object (VeLLO; L 0.1 L ⊙ ). The L1148 dense core has unusually low densities and column densities for a star-forming core. It is difficult to understand how L1148-IRS might have formed under these conditions. Independent of the exact final mass of this VeLLO (which is likely < 0.24 M ⊙ ), L1148-IRS and similar VeLLOs might hold some clues about the isolated formation of brown dwarfs.
INTRODUCTION
The sensitivity of the Spitzer Space Telescope allows for searches and studies of young stellar objects that are much less luminous than those studied before. While surveys of star-forming regions using data from the Infrared Astronomical Satellite (IRAS) were sensitive to sources with luminosities 0.1 L ⊙ (d/140 pc) 2 (where d is the distance; Myers et al. 1987) , Spitzer can detect objects with luminosities as low as 4×10 −3 L ⊙ (d/140 pc) 2 , i.e. has a sentitivity better by a factor 25 (Dunham et al. 2008) . Spitzer has imaged a large number of isolated dense cores thought to be starless. About 60 of them were observed as part of the Spitzer Legacy Project "From Molecular Cores to Planet Forming Disks", or c2d (Evans et al. 2003) .
These observations led to a series of discoveries of Very Low Luminosity Objects (VeLLOs; for definitions see Kauffmann et al. 2005 , di Francesco et al. 2007 , Dunham et al. 2008 , infrared stars of luminosity 0.1 L ⊙ which are embedded in dense cores. VeLLO colors and envelope properties are consistent with those of class 0 or class I protostars (Lada 1987; Andre et al. 1993) , young stars in their main accretion phase that are deeply embedded in the dense core from which they form. Young et al. (2004) presented the first Spitzer-identified VeLLO, L1014-IRS (also see: Crapsi et al. 2005b ; Huard et al. 2006 ; Bourke et al. 2005) . Further detailed studies were presented ⋆ E-mail: jens.kauffmann@jpl.nasa.gov for L1521F-IRS ) and L328-IRS (Lee et al. 2009 ). These papers established the initial VeLLO sample and the first overviews of their properties. Other well-studied VeLLO candidates are Cha-MMS1 (Belloche et al. 2006 ) and L673-7-IRS (Dunham et al. 2010a ). See Table 2 for an up-to-date list. The combined c2d survey data for cores and clouds reveals 15 candidate VeLLOs (Dunham et al. 2008) . Not all of them are well studied, though. The first VeLLO ever discovered was IRAM04191. It was identified by André et al. (1999) on the basis of millimeter radio observations (see Dunham et al. 2006 for Spitzer results).
The evolutionary status and fate of VeLLOs is presently unclear and likely to be diverse. There is probably general consent that VeLLOs have a present-day mass < 0.1 M ⊙ ; also see Section 6.1). However, some VeLLOs drive prominent outflows, and thus seem to accrete significantly. These objects have been interpreted as very young (∼ 10 4 yr) protostars of stellar final mass (e.g., IRAM04191, which has a prominent outflow; André et al. 1999; Belloche et al. 2002) . In contrast, VeLLOs devoid of such outflows might not accrete at a high rate. Some were proposed to be proto brown dwarfs forming in isolation (i.e., not as low-mass components of clusters and binaries; e.g., L1014-IRS, which has a ∼ 3 ′′ The discovery of L1148-IRS. The L1148 region contains two dark dust features evident at optical wavelength (top panel). These are also detected in maps of dust continuum emission (bottom right panel). At 24 µm wavelength, the source L1148-IRS (framed by a box in all panels) manifests as an unusually bright point source (bottom left panel). It resides near a relatively faint (9 mJy per 11 ′′ beam at 1.2 mm wavelength after smoothing to 20 ′′ resolution) dust continuum emission peak (bottom right panel). Solid and dotted lines indicate the relative orientation of the different maps. See Figure 2 for further information. Coordinates are given for J2000.
2009; also see \protect\vrule width0pt\protect\ href{http://www.vlmbinaries.org/}{http:// www.vlmbinaries.org/}).
The second Spitzer VeLLO to be discovered -the source discussed in the present paper, L1148-IRS (Kauffmann et al. 2005 ; first noticed by Kun 1998) -always maintained a peculiar status. As shown in Figure 1 , this object was discovered as an unusually bright Spitzer MIPS source (compared to the field stars), SSTc2d J204056.66+672304.9, which is closely associated with a 1.2 mm wavelength dust emission peak revealed by the c2d MAMBO survey . It differs from other VeLLOs in that no other such object is as inconspicuous in dust emission (Kauffmann et al. 2005 Wu et al. 2007 ). This implies that L1148-IRS resides in a natal dense core of unusually low mass and average density (∼ 0.15 M ⊙ , few 10 4 cm −3 ; Kauffmann et al. 2008) .
Unfortunately, initial single-dish searches by Kauffmann et al. (2005) did not reveal any molecular outflow. Thus, Kauffmann et al. (2005) could not entirely rule out that L1148-IRS is just a galaxy (probability ∼ 10 −4 , using 24 µm source counts by Papovich et al. 2004) or background protostar accidentally aligned with the L1148 dense core. Formally, this means that L1148-IRS does not meet all of the Dunham et al. (2008) criteria for confirmed VeLLOs. Confirmation would require an outflow detection towards L1148-IRS at the systemic velocity of the dense core. This would prove that L1148-IRS (i) is a YSO which is (ii) physically associated with the L1148 region. Here, we present an outflow meeting these criteria.
Our study is organized as follows. Section 2 introduces the data on which our study is based. We discuss the discovery and characterization of the outflow in Section 3. The physical properties of the embedded YSO are derived in Section 4. Information on various VeLLO natal cores are summarized in Section 5. This provides a catalogue against which L1148 can be compared. In Section 6 we turn to a discussion of L1148-IRS in the context of other VeLLOs. Section 7 summarizes our study.
In order to improve the readability of this paper, some complementary material is removed to two appendices. Appendix A provides details on the photometric data used in this study. Appendix B comprehensively presents data for which a cursory analysis was executed in previous studies (i.e., Kauffmann et al. 2005) , and describes new data indirectly supporting the outflow analysis executed here. Straizys et al. (1992) derive a distance of (325 ± 25) pc for the L1148 region. This is smaller than the 450 pc estimated by Kun (1998) . We adopt the result by Straizys et al. (1992) , since they focus on a 1 • × 1 • field centered on L1148, while Kun (1998) study an ≈ 2
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• × 10 • region in which L1148 lies only at the edge. This is consistent with a preliminary 2MASS-based distance estimate of (301 ± 55) pc (G. Maheswar & C.W. Lee, in prep. ; based on Maheswar et al. 2010) .
The L1148 dense core was included in the Lee et al. (1999 Lee et al. ( , 2001 Lee et al. ( , 2004 surveys for inward motions. No signs of such motions were found, but the observed lines were weak and the position of L1148-IRS was not probed. Kirk et al. (2005) observed L1148 with SCUBA at 450 µm and 850 µm wavelength, but their small target field (≈ 2 ′ diameter) did not include the VeLLO candidate considered here. The L1148-IRS source was then presented by Kauffmann et al. (2005) . Wu et al. (2007) did observe this source with SHARC-II at 350 µm wavelength, but failed to detect it. These data, combined with the characteristics of the Spitzer-detected source, led Dunham et al. (2008) to the conclusion that L1148-IRS "has a high likelihood of being an embedded low-luminosity protostar" (their 'group 3'). The source is also included in the 1.8 cm radio continuum surveys by Scaife et al. (2010) . L1148-IRS is detected at a signal-to-noise ratio ∼ 3. As shown by Scaife et al., and repeated in Table 2 , the implied intrinsic luminosity at 1.8 cm wavelength is comparable to what is found for other VeLLOs (i.e. F1.8cmd
2 , the product of observed flux density and distance squared).
Most recently, Kirk et al. (2009) used data from the Spitzer Gould Belt Legacy survey to search the entire L1148 region for young stellar objects (YSOs). Just a single candidate YSO, i.e. our L1148-IRS, is found. This dearth of YSOs is confirmed by Dunham et al. (2008) , though they find one further candidate with rather low YSO probability (i.e., in their 'group 6'). Like neighboring clouds, L1148 does thus form stars only at a very small rate or efficiency (Kirk et al. 2009 ). Nutter et al. (2009) took Akari data at wavelength of 65 to 160µm towards a ∼ 0.
• 5 × 0.
• 5 field containing L1148-IRS. They detect and confirm L1148-IRS; they do, however, focus on the extended matter in this region and uncover evidence for external heating of the clouds.
Detailed assessments of the properties of the natal dense core of VeLLOs were first presented by Kauffmann et al. (2005) . Based on maps in lines of CCS (from the the Effelsberg 100m-telescope) and N2H + (from the IRAM 30m-telescope), the dense core has line widths at half intensity 0.25 km s −1 . Non-thermal motions are thus sub-sonic, since H2 at 10 K temperature has a line width of 0.44 km s −1 . Towards L1148-IRS, N2H + lines yield a systemic velocity of 2.60 km s −1 . Significant velocity gradients and jumps, as well as multiple velocity components in C 18 O, are observed near the YSO. The letter by Kauffmann et al. (2005) unfortunately lacked the space to present the data in detail. These are therefore for the first time provided in Appendix B.
Based data from the IRAM 30m-telescope, Kauffmann et al. (2005) found no indications for significant chemical evolution. Specifically, CO is depleted by a factor less than 10, and N2D + is not detected. See Appendix B4 for more details. However, there is evidence for contraction motions within L1148: line asymmetries indicative of such motions are observed towards all three positions highlighted in Fig. 2 . These new data are presented in Appendix B5.
The Kauffmann et al. (2008) dust emission maps (obtained using MAMBO at the IRAM 30m-telescope) reveal an unusually small mass reservoir for a star-forming core. Division of the peak H2 column density of 6 × 10 21 cm −2 by the filament minor and major axis of the parental core (1 ′ × 5 ′ angular size; Figs. 1 and 2, Appendix B2) suggest mean H2 densities of (0.4-2.0)×10 4 cm −3 . Comparison with model density distributions with central density plateau and d ln(̺)/d ln(r) = −2 for large radii (Fig. 5 of Kauffmann et al. 2008) give a central density < 3 × 10 4 cm −3 . For a source-centered aperture of 4200 AU radius, a mass of only (0.14 ± 0.02) M ⊙ is derived 1 . Division of this aperture mass by the aperture area gives an aperture-averaged column density of N (H2) 4200 AU = 4.8 × 10 21 cm −2 . These values are unusually low, even for starless cores ). L1148-IRS thus resides in a natal core of unusually low density and column density. In this respect, L1148 is similar to the VeLLO core L1014, which was deemed to be "starless" previous to Spitzer observations. This makes it so interesting.
The mass concentration appears to be centrally peaked: as explained in Appendix B2, cuts through the emission suggest density profiles d ln(̺)/d ln(r) ∼ − 2. L1148-IRS actually resides 7.
′′ 6 (i.e., 2500 AU) offset from the dust emission peak. While this offset is potentially interesting, Kauffmann et al. (2008) use MonteCarlo experiments to show that this dislocation is only marginally significant given the uncertainties of their data: the beam of 11 ′′ size, the low signal-to-noise ratio, possible anomalous refraction, and potential pointing errors of order 3 ′′ have to be taken into account. In combination, these effects can lead to apparent offsets 1 The aperture radius of 4200 AU was defined by Motte & André (2001) . In Taurus, this size conveniently corresponds to a radius of 30 ′′ . Also, Motte & André argue that this radius roughly contains the mass that can be accreted in about 10 5 yr of free-fall collapse of an initially hydrostatic sphere of ∼ 0.2 km s −1 sound speed. However, except for these general considerations, the radius is somewhat arbitrary. We adopt this size to compare with previous observations. between the VeLLO and dust emission peak position, even if such offsets do not exist.
Spitzer Space Telescope
L1148 was observed by the Spitzer Space Telescope with the Infrared Array Camera (IRAC; AORKEYs 5158144) and the Multiband Imaging Photometer for Spitzer (MIPS; AORKEY 9440768) as part of the c2d Legacy program (Evans et al. 2003, PID 139) . Further Spitzer observations (AORKEYs 14608128, 14615808, 18160384) were acquired by the "cores2deeper" (deep IRAC and MIPS integrations; PID 20386) and "Going Long" (first MIPS 160 µm images of the region; PID 30384) programs. Initial versions of these maps were used in Kauffmann et al. (2005) . The images presented here are derived from new mosaics combining all of the aforementioned data. Independent imaging by the Spitzer Gould Belt Legacy Survey (Allen et al., PID 30574) is discussed by Kirk et al. (2009) . Spectra of L1148-IRS have been acquired too (PID 30563; AORKEY 18401280), but are not discussed here. Details of the observations, post-processing and source extraction are presented by Evans et al. (2007) .
IRAM 30m-telescope
The IRAM 30m-telecope near Granada (Spain) was used to search for an extended outflow from L1148-IRS in the (J = 2-1) transition of 12 CO. Data were taken on 2004 December 19 (single pixel facility receiver; system temperature ∼ 380 K in T mb -scale, mapped area ∼ 2 ′ × 2 ′ ) and 2005 July 19 to 21 (HERA multibeam array; ∼ 900 K, ∼ 4 ′ × 4 ′ ). The single-pixel maps were already used in Kauffmann et al. (2005) . The pointing corrections in azimuth and elevation were below 3 ′′ , and the focus corrections below 0.45 mm, as checked by regular pointing and focus checks at least once every 3 hours. The intensity scale was converted to the main beam brightness temperature scale according to the efficiencies reported on the IRAM website 2 . Figure 2 gives an overview of the layout of these observations. The data were calibrated and analyzed using IRAM's CLASS software package 3 . In parallel to these outflow searches, we used a variety of other tracers to probe the physical and chemical conditions in the dense gas. This includes lines of N2H + (1-0) and Figure 2 (chosen to probe L1148-IRS, its immediate environment, and the neighboring dust core). Focus and pointing uncertainties are as previously quoted for the outflow search. More details are given in Table B1 . CLASS was used to calibrate and exploit the data. We removed low-order baselines and partially used Fourier (FFT) filtering to further improve the baseline quality. Overview of observing strategy and results. As shown by the grey shading in the bottom main panel, the region contains two parallel filaments detected in dust continuum emission. They have masses of 8.6 M ⊙ and 3.1 M ⊙ , respectively (a black solid line marks the adopted boundary between the filaments). The position of L1148-IRS and its outflow are indicated by dots and lines, respectively. Boxes centered on L1148-IRS indicate the regions searched for outflows. Circles mark positions probed for dense core contraction motions (Section 2.1, Appendix B5). The top zoom panel presents details of the MAMBO dust emission map in greyscale and contours (starting at, and spaced by, 2 mJy per 11 ′′ beam after smoothing to the 20 ′′ beam marked by a circle). Markers indicate the position of L1148-IRS, its outflow, and of two of the positions searched for contraction motions. Note that L1148-IRS is offset from the nearby dust emission peak (by a marginally significant amount). Coordinates are given for J2000.
KPNO 4m-telescope
As part of a larger program to survey the c2d cores in the nearinfrared, deep J, H, and Ks observations of L1148 were obtained during September of 2004 using FLAMINGOS (Florida Multi-object Imaging Near-IR Grism Observational Spectrometer; Elston 1998) on the 4m-telescope at Kitt Peak National Observatory (KPNO). We use the data acquisition and reduction strategies that have been described in Huard et al. (2006) .
Plateau de Bure Interferometer
The Plateau de Bure Interferometer (PdBI) observed L1148-IRS on 6 occasions during the summer of 2006 (project P057; observed on May 13, June 5 and 15, July 22, August 2, and September 1). Between 4 and 5 antennas of the array were used in the 'D' configuration (i.e., the most compact one). The 3 mm and 1 mm band receivers were tuned to the (J = 1-0) and (2-1) transitions of 12 CO, respectively (115.271202 GHz and 230.538000 GHz; Winnewisser et al. 1997) . All 8 units of the correlator took data; for each receiver, 2 units were centered on the line to acquire spectra at 0.1 km s −1 and 0.2 km s −1 resolution, and 2 further units were symmetrically displaced from the line to collect continuum data with a bandwidth of 320 MHz. The primary beam sizes were 20 ′′ and 40 ′′ . The minimum projected baseline in D configuration is ∼ 20 m, and so structures larger ∼ 16 ′′ , respectively ∼ 33 ′′ , are not at all probed by the maps. L1148-IRS was in the phase center of the array.
3C454.3 was typically used for bandpass calibration, while 1928+738 and 2037+511 served as phase calibrators. As usual for the PdBI, MWC349 data yielded the initial flux calibration (assumed to have flux densities of 1.12 Jy and 1.7 Jy in the 3 mm and 1 mm bands, respectively). Based on this, the fluxes of the other calibrators were fixed and iterated to obtain an optimum calibration across all epochs. The flux calibration can be checked by imaging the phase calibrator 2037+511 in those epochs where it is not used to derive this calibration (i.e., is not held 'fixed' in the calibration routines). We find that the observations reproduce the epoch-averaged mean flux density with maximum deviations of 7% and 20% in the 3 mm and 1 mm band, respectively.
The data were calibrated and imaged (including cleaning) using the GILDAS software suite. Here, we use all epochs to construct maps in the 3 mm band, but only the best 4 periods (i.e., excluding July 22 and August 2) are taken in the 1 mm band. This yields beam sizes of 4.
′′ 5 × 3. ′′ 4 (position angle east of north of 82 • ) and 2.
′′ 5×1. ′′ 7 (p.a. of 65 • ) at 3 mm and 1 mm wavelength, respectively. To improve the signal-to-noise ratio, the spectra are sampled into bins of 0.3 km s −1 width. The continuum data are clipped in the spectral range to exclude CO emission from our target source. This yields noise levels in the 3 mm and 1 mm band spectral line data of 23 mJy beam −1 and 46 mJy beam −1 , respectively, while we find 0.39 mJy beam −1 and 1.0 mJy beam −1 for the continuum data.
AN OUTFLOW FROM L1148-IRS
Previous analysis failed to establish that L1148-IRS (i) is a YSO and (ii) is physically associated with the L1148 region. Here, we show that the source drives a weak small-scale CO outflow ( 5 ′′ , about 1800 AU in projection). This confirms the hypotheses (i) and (ii).
A Compact CO Outflow
Single-dish Observations
We initially used the IRAM 30m-telescope to search for an outflow in the 12 CO (2-1) line. This search failed (Kauffmann et al. 2005) . It is briefly summarized below.
The single-pixel facility receiver was used to map an area of 2 ′ × 2 ′ size with 30 ′′ spacing in frequency-switched mode (layout indicated in Figure 2 ). The top panels of Figure 3 show an example spectrum from this search: emission from the dense core (as well as "telluric" emission 4 from Earth's atmosphere) are detected, but no obvious outflow signal was found (neither in the form of line wings, nor in terms of clear spatial trends in emission). However, Fourier components, as well as baselines of 2 nd order, had to be removed during data reduction. Thus, these observations were not sensitive to outflows manifesting in wide and faint emission lines.
Therefore, we later raster-mapped a field of about 4 ′ × 4 ′ size with 24 ′′ spacing using the HERA multi-beam array in positionswitched mode (indicated in Figure 2 ). These data have very flat baselines. Unfortunately, the reference position was not free of emission. Therefore, the data are severely contaminated within about ±2 km s −1 from systemic velocity. After smoothing to 0.5 km s −1 velocity resolution, these spectra have a noise level of 0.8 Jy beam −1 in the main beam brightness scale. Still, no outflow emission was found. Also the mean spectrum averaged over all map pixels does not reveal any CO emission beyond ±2 km s −1 velocity offset (at a noise level of 54 mJy beam −1 ). Figure 3 compares the single-dish observations with the interferometer-detected outflow described below. For this comparison, the PdBI spectra in the 12 CO (2-1) and (1-0) transitions are integrated over source-centered apertures of 3 ′′ and 10 ′′ radius, respectively. The data show that the single-dish observations are sensitive enough to detect the outflow. The outflow emission is, however, massively confused with the dense core emission. This is similar to the situation in L1014 (Bourke et al. 2005) .
Interferometric Observations
The non-detection with single-dish telescopes did not rule out the existence of a compact outflow from L1148-IRS, such as the one seen in L1014 (Bourke et al. 2005) . We therefore also used IRAM's Plateau de Bure Interferometer (PdBI) to observe the (1-0) and (2-1) transitions of 12 CO. These observations reveal an outflow from L1148-IRS. As we detail below, it manifests in two symmetric velocity components (Figures 3 and 5) that form a bipolar outflow system ( Figure 4 ).
In the PdBI-derived data cubes, significant 12 CO emission is detected in the 1.2 to 4.2 km s −1 velocity range. ("Significant" means that, in a given position-position-velocity cell, the emission of both 12 CO transitions exceeds the noise level by a factor 4. The velocity channels are spaced by 0.3 km s −1 .) The N2H + -derived systemic velocity is 2.60 km s −1 (Section 2.1, Appendix B3). Relative to this we obtain maximum projected velocity offsets of −1.4 to + 1.6 km s −1 for the 12 CO outflow emission. We approximate this as ±1.5 km s −1 in the following. Correspondingly, we use velocity ranges of 0.9 to 2.4 km s −1 (blue-shifted lobe) and 3.0 to 4.5 km s −1 (red-shifted lobe; we exclude the central channel at 2.7 km s −1 for clarity) to calculate the velocity-integrated emission of the lobes. Figure 4 presents integrated intensities in order to explore the structure of the lobes. These are more apparent in the 12 CO (1-0) data. In this line, the blue-shifted lobe is shorter than the red-shifted one. The extent of the latter lobe is 5.
′′ 5 ± 0. ′′ 3, or (1800 ± 100) AU in projection; to measure this, we find the most elongated contour (at a signal-to-noise level of 9.5 ± 1.0), drop to 50% of this intensity, measure this contour's maximum offset from L1148-IRS, and subtract the beam radius linearly. . CO spectra towards L1148-IRS. The panels show 12 CO (J = 2-1) data (top) and (J = 1-0) spectra (bottom). For the (2-1) transition, the solid line presents the frequency-switched IRAM 30m-telescope spectrum (11 ′′ beam) taken towards L1148-IRS. The signal near 7 km s −1 velocity is of telluric origin and thus not relevant here. The shaded histograms portray the data acquired with the Plateau de Bure Interferometer. These spectra are averaged over source-centered apertures of 3 ′′ and 10 ′′ radius for the (2-1) and (1-0) lines, respectively. The systemic velocity derived from N 2 H + observations (Section 2.1, Appendix B3) is marked by a dashed line.
fitting of the bright and elongated outflow emission with a straight line ( Figure 4) gives a most likely position angle of 107
• ± 22
• . (To calculate the uncertainty, we derive the position angles when displacing the fitted line by half a beam at 5.
′′ 5 offset from L1148-IRS.) This fit is guided by the fact that L1148-IRS resides right between the respective intensity peaks of the two lobes; this suggests an outflow direction similar to the position angle of the line connecting the peaks. Unfortunately, though, the emission farther away from the star ( 5 ′′ ) shows no clear structure. This leaves the option of a wide-angle outflow propagating in a direction significantly different from the one obtained above. Figure 3 shows spectra of the outflow emission. Gaussian fits to the spectra, and comparison to the N2H + systemic velocity, yield projected velocity offsets of −1.0 and +1.2 km s −1 for the 12 CO (1-0) line, respectively −0.9 and +1.2 km s −1 for the (2-1) line. We approximate this as ±1.0 km s −1 in the following. Gaussian line fitting of the PdBI spectra gives velocity-integrated flux densities of 21.0 Jy km s −1 and 8.9 Jy km s −1 (15% of the singledish flux density) for the (1-0) and (2-1) lines, respectively.
The position-velocity diagrams presented in Figure 5 show that the lobes are kinematically well-separated along the entire outflow axis. Some faint outflow features can possibly be traced to Figure 4 . The outflow lobes for both 12 CO transitions. The greyscale map presents the emission integrated over the 0.9 to 4.5 km s −1 velocity interval. Solid contours outline the emission of the blue-shifted lobe at 0.9 to 2.4 km s −1 velocity, while dotted contours delineate the red-shifted lobe at 3.0 to 4.5 km s −1 . These contours start at, and are spaced by, the noise level times a factor ±3; they are dashed for areas with negative emission. The central cross marks the position of L1148-IRS. Ellipses give the beam sizes at half sensitivity. The arrow marks the location and orientation of the position-velocity cut presented in Figure 5 . velocity offsets as large as ±2.5 km s −1 . The 12 CO (2-1) panel reveals that the knot at +5
′′ offset is detected in several velocity channels, and is therefore probably real. The elongated lobe seen in the (1-0) maps appears to form a counterpart of this knot.
The CO emission cannot come from a circumstellar disk. Keplerian motion at 1 km s −1 speed and 1800 AU radius would require a central mass of 2 M ⊙ . This significantly exceeds the estimated mass of the central star (Section 6.1) and of the dense core material immediately surrounding the YSO (Section 2.1). The emission must thus come from an outflow.
There is a remote chance that the compact CO emission is not from an outflow, but is just an artifact of the interferometerinduced spatial filtering of the dense core emission. We cannot rule this option out. However, as we will show in Section 3.5, the close association of CO emission and L1148-IRS alone is sufficient to reliably demonstrate the protostellar nature of L1148-IRS. Figure 4 . Contours start at, and are spaced by, the noise level times a factor ±2. Dashed lines are drawn for negative signal, and solid contours are used otherwise. The horizontal dashed line marks the systemic velocity derived from N 2 H + observations (Section 2.1, Appendix B3).
Outflow Mass and Kinematics
To derive the outflow mass, we assume the 12 CO emission to be optically thin, adopt an H2-to-12 CO abundance ratio of 10 4 , a mean mass per H2 molecule of 2.4 H-masses, and use Eq. (A4) of Bourke et al. (1997) to calculate the column densities (for 12 CO, we use a permanent dipole moment of 0.11 D and a rotational constant of 57.636 GHz). We adopt an excitation temperature of 20 K. This is a bit more than canonical dense core temperatures ∼ 10 K, but less than the few 10 2 K observed in outflows of much higher velocity (see, e.g., Santiago-García et al. 2009 for a summary). This temperature uncertainty introduces a moderate mass uncertainty: temperatures in the range 10 to 50 K would give masses different by less than a factor 2. We obtain outflow mass estimates, mout, of 1.3 × 10 −3 M ⊙ and 3.9 × 10 −4 M ⊙ for the 12 CO (1-0) and (2-1) observations, respectively. Correction for typical 12 CO outflow optical depths of 2 to 5 (Levreault 1988 ) would increase the masses by similar factors. For the (2-1) line, comparison with single-dish data implies a total flux loss of a factor 7 (Figure 3 ). This could lead to underestimation of the outflow mass by similar factors.
We adopt a characteristic outflow velocity of vout = ± 1 km s −1 , and a radial size of r = 1800 AU. These are, of course, projected properties, which in principle must be corrected for the inclination angle. This angle is, unfortunately, not known, which introduces systematic uncertainties into our analysis. Using the formalism of Cabrit & Bertout (1990) and Bourke et al. (1997) , we derive the properties listed in Table 1 . The quoted uncertain- 
0.5 to 1.5 dynamical age r/vout 10 3 yr 8.5
rate mout · vout/r 10 −7 M ⊙ yr −1 0.5 to 1.5
ties refer to the range in outflow masses derived from the different 12 CO transitions. Given their linear dependence on mout, the outflow properties also suffer from the systematic uncertainties affecting mass estimates.
The properties of L1148-IRS and its outflow are unusual, but not extreme for an embedded YSO. L1148-IRS is less luminous than any source in the comprehensive Wu et al. (2004) outflow compilation. It also has an outflow mass, mechanical luminosity, and force smaller than observed for all (but 4, allowing for uncertainties) of the 292 outflow systems with known luminosity in the Wu et al. study. These trends do not merely reflect the low luminosity of L1148-IRS; for L1148-IRS, the above properties are still 1 to 2 magnitudes below what is derived when extrapolating typical outflow properties from Wu et al. (2004) to the internal luminosity of L1148-IRS. These deviations are, however, marginally within the scatter observed for other YSOs, and the L1148-IRS outflow is thus not extreme. The outflow survey of embedded YSOs by Bontemps et al. (1996) can be used for another comparison. Based on this study, the force of the L1148-IRS outflow is consistent with what is expected for class I sources of comparable internal luminosity. The YSO envelope mass of L1148-IRS does, however, exceed the typical one expected for the observed outflow force by a factor ∼ 10. −5 M ⊙ , without mass corrections) and size (1800 AU vs. 1000 AU) appear to be larger. This is small, though, compared to the ∼ 10 km s −1 velocity range and ∼ 15000 AU extent of IRAM04191.
Absence of Compact Dust Emission
Compact dust emission, such as emitted by circumstellar disks, is not detected towards L1148-IRS. At 1 mm and 3 mm wavelength, we observe intensities of 0.23 mJy beam −1 and 0.56 mJy beam −1 , respectively. This is insignificant compared to the noise levels reported in Section 2.5. If we add the noise level times a factor 3, we obtain upper flux density limits of < 3.2 mJy and < 1.7 mJy, where we assume that the dust emission should be more compact than the beam.
These upper limits are in line with, e.g., interferometric continuum observations of L1014-IRS (Bourke et al. 2005) . To derive mass limits from these flux densities, we adopt the framework laid out by Kauffmann et al. (2008) . Assuming dust with temperatures 10 K, this yields mass limits < 0.02 M ⊙ and < 0.13 M ⊙ , respectively.
Near-Infrared Nebulosity
The near-infrared (NIR) FLAMINGOS imaging observations presented in Figure 6 reveal elongated nebulosity towards L1148-IRS. This nebulosity is likely related to outflows from the star.
L1148-IRS is detected in all bands, but we only use the two bands with the best data (i.e., H and Ks) for our analysis. Fits of elongated Gaussians to the H-band image (which has the higher SNR) give a position angle (east of north) of 133
• for the major axis. Along this axis, H-band emission from L1148-IRS above 10% of the peak intensity has a width of 4.
′′ 1 (3. ′′ 7 in the Ks band), while nearby stars in the image have a width of only 2.
′′ 5 (2. ′′ 7 for the Ks band) for this position angle. Repetition of this procedure for the minor axis, and removal of the instrument-induced source width at 10% peak intensity, suggests an intrinsic extension of order 3.
′′ 2 × 2. ′′ 4 or 1040 × 780 AU 2 . Both bands reveal an arc-like feature about 5 ′′ to the west of L1148-IRS. This could be related to the aforementioned western blob in the red-shifted 12 CO (2-1) outflow lobe.
The CO-detected lobes and the NIR nebulosity are well aligned (133
• vs. 107
• ± 22 • ). The nebulosity thus seems to trace structures such as an outflow-blown cavity.
L1148-IRS as a Confirmed VeLLO
As pointed out by Dunham et al. (2008) , confirmation of a VeLLO candidate requires (i) that the internal luminosity is below 0.1 L ⊙ , and (ii) proof of embeddedness in a dense core. In the characterization framework of Dunham et al. (2008) , the ouflow discovery furnishes the latter. Following the terminology of Dunham et al., L1148-IRS is thus a "confirmed embedded low-luminosity protostar" (their 'group 1').
However, given the relatively weak emission, low velocity, and small lobe separation in L1148-IRS, one may doubt that the compact CO emission is really coming from an outflow. As we show here, though, the proximity of compact CO emission and IR source independently demonstrates that L1148-IRS is physically associated to the dense core. Then, L1148-IRS must still be deeply embedded, since there is no other way to produce the Spitzer MIPS emission at the observed intensities (Section 4).
We establish the association by computing the chance alignment probability between background sources (i.e., galaxies) and the 12 CO emission. A background source density ∼ 2000 sr −1 is to be expected for 24 µm sources brighter 70 mJy (Papovich et al. 2004 ). L1148-IRS and the 12 CO (2-1) emission peaks are aligned to within 1 ′′ distance (Figure 4 ). For an individual cloud, the probability for chance alignment is thus π (1 ′′ ) 2 · 2000 sr −1 = 1.5 × 10 −8 . For the entire c2d MAMBO survey, with ∼ 110 dust emission peaks, the probability of one chance alignment is 1.6 × 10 −6
(assuming that every dust emission peak contains interferometerdetected CO structures like those presented here). There is no realistic option that dense core and L1148-IRS are not physically associated.
THE SPECTRAL ENERGY DISTRIBUTION OF L1148-IRS
The outflow observations establish the protostellar nature of L1148-IRS. However, we still need to characterize the embedded infrared source. Here, we gather photometry of this object, sketch a model for the analysis of the observations, and discuss the properties derived using this model. 1 L ⊙ internal luminosity and 3500 K effective temperature; the solid line holds for an aperture of 2 ′′ radius, which is used to model the observations at 10 µm wavelength, while the dashed line refers to an aperture of 4200 AU radius, as applied to the observations at larger wavelengths. This is detailed in Section 4.2. Figure 7 presents the spectral energy distribution (SED) of L1148-IRS. These data are assembled from the 2MASS point source catalogue (Skrutskie et al. 2006) , our FLAMINGOS observations, the IRAS faint source catalogue (Moshir & al. 1990 ), the final release of the c2d source catalogue ), our cores2deeper Spitzer project (PID 20386), our deep MIPS 160 µm survey of cores (PID 30384), SHARC-II imaging by Wu et al. (2007) , the SCUBA legacy source catalogue (Francesco et al. 2008) , and our c2d MAMBO survey . Appendix A discusses how we consolidate these data from different origins. Table  A1 lists the flux densities in detail.
Observations
Integration of the SED yields bolometric luminosities and temperatures of 0.12 L ⊙ and 110 K, respectively. We derive these parameters using power-laws to interpolate between the detected flux densities. We further assume flux densities scaling with wavelength as λ 4 for λ > 350 µm . Propagation of the flux-weighted observational uncertainties gives uncertainties < 20% in luminosity, and ±15 K in temperature. This is in agreement with the L1148-IRS characterization by Kauffmann et al. (2005 Kauffmann et al. ( , 2008 , but a bit warmer and fainter than what is found by Kirk et al. (2009;  probably because they use MAMBO fluxes for larger apertures).
Modeling
We model the SED of L1148-IRS as a spherical dense core that contains a point source and is externally illuminated by the interstellar radiation field (ISRF). The point source is assumed to emit like a black body of luminosity Lint and temperature T eff ; we refer to these as the internal luminosity and the stellar effective temperature. The ISRF is taken from Pérault (1987) . We reduce its intensity at the core surface by a factor 4. This reflects shielding by extended material of a total (surface to surface) extinction of 3 mag, and is necessary to simultaneously match the MAMBO and MIPS3 observations. We adopt dust opacities as Weingartner & Draine (2001) predict for their "case B" and a total-to-selective extinction ratio of RV = 5.5 (since this model provides a good fit to observed dust opacities at wavelengths 10 µm; e.g., Indebetouw et al. 2005 ). Model flux densities are calculated using a code kindly provided by E. Krügel (e.g., Appendix A of Pillai et al. 2006) .
The dense core's density profile, ̺(r), is modeled as a continuous step-wise power law. We truncate the sphere at an outer radius of 32500 AU ≈ 0.16 pc, corresponding to ≈ 100 ′′ . The density is assumed to be negligible within the inner truncation radius, rin. For most radii, the slope of the density profile is set to d ln(̺)/d ln(r) = −2. However, good matches of the SED require a flatter density law in some inner part of the sphere. We do this by introducing a constant density between the inner and outer transition radii, r ′′ 25 diameter), since this is large enough to provide good SED fits (as demonstrated by the results below) but is compact enough to be consistent with the steep dust emission intensity profile that rules out extended regions of constant density (Section 2.1). With these assumptions, the density profile is fully defined once the density at the outer truncation radius, ̺out, is specified. We fix the latter by requiring the model to exactly match the MAMBO flux density measurement. This eventually leaves two envelope parameters (i.e., rin and r in trans ) and two source parameters (i.e., Lint and T eff ) unconstrained.
At wavelengths < 10 µm, we attempt to minimize the mean squared relative difference between the observed and predicted flux densities (i.e., the difference between model and observation, divided by the observation; this property, χ 2 rel , takes the role of the classical χ 2 ). We do not normalize the differences by the observational flux density uncertainties (as usually done to derive χ 2 ) because the predicted flux densities do sensitively depend on the adopted geometry (e.g., Whitney et al. 2003) . In this situation, the deviations between good models and observed flux densities are not dominated by observational uncertainties. We further require that a valid model does strictly not exceed the J-band limits. The synthetic observations are calculated for an aperture of 2 ′′ radius, and they are corrected for an intensity background determined between 5 ′′ and 10 ′′ radius. This is used to capture the effect of the background subtraction in the 2MASS, FLAMINGOS, and IRAC observations.
At wavelengths > 10 µm, we require the model to strictly match the observations within their observational uncertainties (except for all IRAS and the MIPS3 bands, which are too uncertain). This appears appropriate since in this wavelength domain, deviations between good model and observation should be dominated by observational uncertainties. We use an aperture of 4200 AU radius to calculate synthetic observations. This is exactly the aperture used in MAMBO observations (Section 2.1). The exact aperture size does not matter for the MIPS1 and MIPS2 bands, since the emission originates (in the model) at radii smaller 4200 AU.
The PdBI-derived upper limits for dust continuum emission are not useful for our analysis of the SED of the L1148 core on large spatial scales. Specifically, the interferometer probes radii 4.
′′ 5, i.e. 730 AU, while the analysis above considers scales as large as 4200 AU. The PdBI maps are only useful to examine the (absence of) disks around L1148-IR, as done in Sec. 3.3. Figure 8 presents the smallest mean squared relative deviation found (by varying rin and r in trans ) for a given pair of luminosity and temperature. We find a minimum value of 0.08. This corresponds Figure 8 . Quality of SED fits in dependence on the model effective temperature and internal luminosity. Only cells with shading or crosses have been examined. Grey shading gives χ 2 rel , the mean squared relative deviation between SED model and observations at wavelengths < 10 µm. Crosses are drawn if no model can fit all of the SED constraints. As explained in the main text, only solutions with χ 2 rel < 0.3 are deemed acceptable. These solutions are enclosed by a black line. The modeling thus constrains the internal luminosity to 0.08 L int /L ⊙ 0.13 and the effective temperature to 2500 T eff /K 5000.
Results
to a mean deviation of √ 0.08 = 28% between the observations and the model for wavelengths < 10 µm. Here, we require that good fits not to exceed this mean deviation by more than a factor 2, i.e., we require χ 2 rel < 0.30 ≈ (2 × 0.28) 2 . For certain luminosity-temperature pairs, no solution exists, since no model simultaneously fits the strict J-band and MIPS constraints.
The modeling constrains the internal luminosity to Lint = 0.08 to 0.13 L ⊙ .
L1148-IRS does thus marginally fulfill the VeLLO luminosity criterion of Lint 0.1 L ⊙ . The luminosity is well constrained, since it only requires a good SED match and does not sensitively depend on model parameters. This is different for the effective photospheric temperature, which we find to be T eff = 2500 to 5000 K. The temperature basically follows from the SED slopes at wavelengths < 10 µm. Unfortunately, at these wavelength the spherical geometry of our model is probably too simplistic to capture the relevant inner envelope extinction and scattering processes. This induces further systematic uncertainties. In any event, though, a central source of several 1000 K must be present to explain the detections in the 2MASS/FLAMINGOS bands. The SED of L1148-IRS is thus consistent with the idea of L1148-IRS being embedded in the dense core. In particular, this model provides a quantitative explanation for the failure to detect the VeLLO with SHARC-II. Initially, this lack of bright 350 µm emission was interpreted as evidence against L1148-IRS being an embedded VeLLO, since all other VeLLOs show this emission (Wu et al. 2007; Dunham et al. 2008 ). Our SED model shows, though, that no emission is to be expected, even if an embedded source is present. Slightly more sensitive 350 µm observations should be able to detect emission, though.
VELLO NATAL CORES AND OUTFLOWS
Comprehensive understanding of L1148-IRS and other VeLLOs requires a good knowledge of the environment in which these ob-jects form. Therefore, we launched an investigation of the properties of the L1148 dense core. These results, as well as those for other VeLLOs, are collected here to support our further discussion. We also include additional data on outflows. Sections 5.3 and 5.4 summarize this information.
Data for L1148-IRS
Section 2.1 summarizes the data situation for L1148. The information is collected from Kauffmann et al. (2005) and Kauffmann et al. (2008) . As described in this summary, some of the data are also presented in Appendix B. Please refer to those sections for details.
Data for other VeLLOs
Here, we review the properties of known and proposed VeLLOs. First, we assess the quality of VeLLO candidates. Specifically, we consider objects that have previously been discussed to be similar to L1014-IRS, have indications for luminosities 0.1 L ⊙ , or were discussed in the context of Brown Dwarf formation.
Visual inspection of Spitzer images of Oph B-11 (Greaves et al. 2003) does not show any far-infrared counterpart. The core may actually be starless and is not considered further here. We also tentatively remove Lupus 3 MMS (Tachihara et al. 2007 ) and L1415-IRS (Stecklum et al. 2007 ) from the VeLLO category. In these cases, estimation of the internal luminosity on basis of the flux density at 70 µm wavelength (Dunham et al. 2008) suggests luminosities significantly exceeding the VeLLO limit of 0.1 L ⊙ . We rate IC1396A:γ b (Reach et al. 2009 ) as a source of unclear type, since the above luminosity estimate is not possible for this source. Preliminary photometry of the VLA source J025616+192703 in the L1457 dense core implies a low luminosity (Heithausen & Böttner 2010) , but data are too limited to judge the probability that this really is a YSO and not a background object. Barrado et al. (2009) present SSTB213 J041757, a possible VeLLO candidate in Taurus. Luhman & Mamajek (2010) show that this is unlikely to be a Taurus YSO, though, and SSTB213 J041757 is thus excluded here. Chen et al. (2010) and Enoch et al. (2010) have recently presented good candidates for "first hydrostatic cores" (Larson 1969) with internal luminosities 0.01 L ⊙ . These could be dense cores which have just become optically thick to their own radiation, before eventually collapsing into a more compact YSO. Such objects have a low age and luminosity, and they are embedded in a dense core. This qualifies first hydrostatic cores as VeLLOs. The Chen et al. and Enoch et al. sources will be included in our comparison once their nature has been established by decisive evidence. Table 2 lists 7 well-studied VeLLOs in order of decreasing aperture mass, M4200AU. It evaluates some criteria for dense core evolution forwarded by Crapsi et al. (2005a) . By comparing properties like column densities of dense gas tracers to characteristic thresholds, these criteria essentially test whether a dense core contains a significant mass of high density gas. Where appropriate (i.e., not when evaluating the CO depletion factor: Appendix B4), we convert published values to match the dust properties adopted by Kauffmann et al. (2008;  their Appendix A). We also list internal luminosities and results of outflow searches, as reported in the respective discovery paper. Distance-normalized flux densities at 1.8 cm wavelength, as reported by Scaife et al. (2010) , characterize the radio emission properties of the VeLLOs.
Properties of VeLLO Natal Cores
The VeLLOs in Table 2 can roughly be divided into two groups. The first group is composed of L1521F, Cha-MMS1, and IRAM04191. These cores fail in none of the Crapsi et al. (2005a) criteria for "evolved" dense cores (if we stick only to criteria that can be tested with existing data). For instance, these cores are very dense (in terms of volume and column density), they have strongly peaked density profile (as indicated by small values of r 70% , i.e.,the radius of the dust emission contour at 70% peak intensity; Crapsi et al. 2005a) , and the inner regions of the dense core are in an advanced stage of chemical evolution (i.e., CO depletion, and production of deuterated N2H + ). Crapsi et al. (2005a) argued that their criteria select dense cores relatively close to the onset of protostellar collapse. It is thus not surprising to find that collapse has indeed started in some of these objects.
The second group is composed of "unevolved" dense cores, that fail in at least one of the Crapsi et al. criteria; these cores have relatively low (column) densities, and there are often no signs of advanced chemistry. Following Crapsi et al. (2005a) , these dense cores are not expected to collapse and form stars. Section 6.3 explores how stars might still have formed in these cores. The most prominent member of this group is L1014; the discovery of a Spitzer source in this core of low density, which was believed to be "starless", was a big surprise . Also L1148 belongs to this group.
The terminology used above is not meant to indicate that "unevolved" cores mature and eventually become "evolved" ones! It is only used to indicate the relation to the Crapsi et al. criteria.
In summary, some VeLLOs fulfil the Crapsi et al. (2005a) criteria for evolved cores, while others do not. Since star formation is ongoing in all cores listed in Table 2 , the initial conditions for stars to form appear to be very diverse.
L1148-IRS different from the other VeLLOs in that this source appears to have the lowest aperture mass of all VeLLOs. It also features the lowest N2H + line width ([0.232±0.048] km s −1 ; the next higher value for VeLLOs is 0.3 km s −1 for L1521F). Finally, L1148 is the only "unevolved" VeLLO core in which inward motions have been detected. Since line asymmetries are easier detected for narrow lines (Eq. B2), this might be a consequence of the low N2H + line width.
Properties of VeLLO Outflows
VeLLOs differ vastly in their outflow properties. For example, only 2 out of the 7 VeLLOs discussed in Table 2 (i.e., IRAM04191 and L673-7-IRS) drive a "prominent" extended outflow that can easily be detected using single-dish telescopes. The remaining VeLLOs all appear to drive outflows (based on Spitzer image morphology and interferometer observations), but sensitive high-resolution observations are needed to detect these (like those presented in Section 3). As seen in Table 2 , the presence of prominent outflow activity does not appear to correlate with any other dense core property. In the present sample, to be specific, an extended outflow is driven by a VeLLO in one of the most "evolved" cores, i.e. IRAM04191, which also has a large aperture mass. But also the VeLLO in L673-7 has a prominent outflow, despite a very moderate aperture mass and failure in some of the Crapsi et al. criteria. In addition, cores more evolved than IRAM04191 (e.g., L1521F), as well as cores very similar to L673-7 (e.g., L1014), do not drive such flow. This diversity could be a consequence of VeLLO evolution; VeLLOs 
References. Data are from Lee et al. (1999 Lee et al. ( , 2009 Notes. The dense core properties are compared to the criteria for "evolved" cores by Crapsi et al. (2005a) after conversion of the limiting density to our choice of dust emission properties. A 'Y' marker indicates that a criterion is met, a 'n' marker that it is not, a question mark that the data are insufficient to decide. Properties marked by square brackets ([. . . ]) are not readily available from the relevant publications and must be gleaned from the other published properties. For Cha-MMS1, the N 2 H + and N 2 D + column densities have to be derived from the abundances and dust column densities reported by Belloche et al. (2006) . The aperture mass is derived from models for the density structure presented in the same publication. For L328-IRS, the envelope masses are from lower limits of the 1.2 mm wavelength dust emission (Lee et al. 2009 ; 70 mJy within 2000 AU radius) and integration of the Lee et al. envelope density model to 4200 AU radius. We deviate from the Crapsi et al. practice to infer inward motions from asymmetries in the N 2 H + lines; instead, inward motions are either inferred from the analysis of line shifts (L1521F, L673-7, L1014, L328, and L1148), or from detailed modeling of line shapes (IRAM04191). For all sources the uncertainty in the internal luminosity is of order ±0.03 L ⊙ .
without outflows might be in a stage preceding or following an accretion phase, in which prominent outflows are produced. It is not clear whether other options -i.e., VeLLO formation without prominent outflows in any evolutionary stage -provide credible models. It is also not clear how the presence of prominent outflows relates to the concept of "episodic accretion", i.e., accretion (and thus outflow generation) occurring only during short episodes of the protostellar lifetime (Kenyon et al. 1990) . In this picture, VeLLOs would quasi-periodically create and gradually loose their prominent outflows. Dynamical ages for the outflows of IRAM04191 and L673-7-IRS suggest that individual outflow periods 5 last a few 10 4 yr in VeLLOs. If VeLLOs without prominent outflows are indeed in a dormant stage, this stage should prevail for an even longer timescale (> 10 4 yr), as indicated by the large fraction of VeLLOs without such outflows. Combination of Spitzer source counts ) with evolutionary models (Dunham et al. 2010b ) indeed shows that YSOs might accrete most of their mass in 10 bursts occurring over a period ∼ 2 × 10 5 yr. These models do thus imply dormant periods of several 10 4 yr, just as suggested by VeLLO outflow statistics.
DISCUSSION: L1148-IRS IN CONTEXT
Evolutionary Stage & Mass of L1148-IRS
L1148-IRS has a bolometric temperature (110 ± 15) K (Section 4.1). This implies that L11148-IRS belongs to the protostellar class I, and suggests an age < 7 × 10 5 yr ). We use this limit in the following.
As shown by Young et al. (2004) , the internal luminosity of 0.1 L ⊙ limits the present mass of all VeLLOs to a most likely value 0.1 M ⊙ , if the luminosity is dominated by accretion power. This is probably the case for L1148-IRS, since it appears to drive an (supposedly accretion-powered) outflow. Further, the young brown dwarf FU Tau (a class II object of 10 6 yr) has a luminosity of 0.2 L ⊙ (Luhman et al. 2009 ; 0.1 L ⊙ for the brightest component, if FU Tau is an unresolved binary). This object might be unusually luminous (Luhman et al. 2009 ), but its properties support the notion that YSO luminosities 0.1 L ⊙ imply a mass in the brown dwarf domain. Thus, we find that the most likely presentday mass is 0.1 M ⊙ .
Comparison with evolutionary tracks by Baraffe et al. (1998) and Chabrier et al. (2000) suggest a very conservative mass limit ≪ 0.35 M ⊙ (when reducing the model luminosities by a factor 3: Reiners et al. 2005) . Models by Wuchterl & Tscharnuter (2003) suggest < 0.1 M ⊙ , if one only considers early stages with significant accretion. Unfortunately, their models are not well tested against observations.
To understand the collapse conditions in L1148, consider the collapse of a hydrostatic isothermal sphere of radius R that is subject to an environmental pressure, Penv. To be unstable, the sphere must have a mass
and the pressure must obey
(2) (Bonnor 1956 and Ebert 1955 ; kB is Boltzmann's constant). Star formation requires that the inner parts of the protostellar envelope are unstable 6 . We can use the aforementioned aperture mass, M4200AU, to test this condition. For R = 4200 AU and Tg = 10 K, Eq. (1) yields the condition M > 0.41 M ⊙ . Thus, M4200AU fails the condition for gravitational instability. The reservoir actively forming the VeLLO must therefore have a radius < 4200 AU. This implies an unstable mass smaller M4200AU, i.e. < 0.14 M ⊙ (Section 2.1). Radii < 4200 AU also imply a pressure Pext/kB > 8 × 10 5 cm −2 . As we discuss in Section 6.3, this pressure is relatively high. This has implications on VeLLO formation models.
Combined with the present-day mass of L1148-IRS, < 0.1 M ⊙ , this estimate of the collapsing mass suggests a final mass < 0.24 M ⊙ . If this VeLLO has a present-day mass < 0.05 M ⊙ , and the immediate envelope of < 0.14 M ⊙ is accreted with an efficiency ∼ 1/3 (as deemed typical; e.g., Alves et al. 2007 ), then L1148-IRS could have a final mass even below the brown dwarf limit. After L328-IRS (Lee et al. 2009 ), this is the second VeLLO for which such a small final mass is derived.
The Nature and Evolution of VeLLOs
There is probably general consent that VeLLOs have a most likely present-day mass < 0.1 M ⊙ (Section 6.1). The final mass at the end of the accretion phase might, however, be much larger.
VeLLO natal cores differ significantly in the mass of gas at high density they contain (Section 5). Since VeLLOs form from this gas, these differences may suggest that different VeLLOs take different evolutionary paths . Some may have significant future accretion and attain a stellar final mass (André et al. 1999) , while lack of accretion in others could render these objects young brown dwarfs Huard et al. 2006) . Table 2 thus presents a first attempt to systematically characterize the likeliness of these different evolutionary paths for several VeLLOs. The number of positive indicators for significant amounts of high density gas near the VeLLO increase towards the left of Table 2. The VeLLO final mass is therefore likely to increase in this direction too. L328-IRS and L1148-IRS hold a peculiar position among VeLLOs, given that their most likely final mass is very low (< 0.15 M ⊙ and < 0.24 M ⊙ , respectively; see Lee et al. 2009 and Section 6.1).
Formation of Brown Dwarfs: Lessons from L1148
One unsolved aspect of isolated brown dwarf (BD) formation is the large difference between the final BD mass, MBD 0.08 M ⊙ , and the expected mass of the collapsing natal dense core, M : in most cases M ≫ MBD. L1148-IRS can be used to study this problem, even in case this VeLLO has a final mass exceeding the BD mass limit.
Consider once again pressure-bound hydrostatic isothermal spheres. Combination of Eqs. (1, 2) yields the condition
for unstable spheres. This system will form a star (or BD) of mass M⋆ = η M , where η 1 is the star formation efficiency. For typical temperatures (≈ 10 K) and pressures (a few 10 5 K cm −3 ; e.g. Bertoldi & McKee 1992) , one obtains the collapse condition M 1 M ⊙ . Typical values of η are believed to be ∼ 1/3 (e.g., Alves et al. 2007 ), yielding typical stellar masses ∼ 0.3 M ⊙ .
In this framework, to achieve lower stellar masses, BD formation requires unusually small temperature (Tg ≪ 10 K), large pressure (Penv/kB ≫ 10 5 K cm −3 ), low efficiency (η ≪ 1/3), or a combination of these. L1148-IRS provides a test case for such reasoning: Eq. (1) suggests M < 0.14 M ⊙ for the collapsing core in this region.
The structure of the L1148 core thus appears to require peculiar environmental conditions. We have no satisfying explanation why and in which sense (temperature, pressure, etc.) these should prevail in L1148. One can, however, speculate that the unusual kinematic conditions in this region might have played a role: multiple velocity components (in C 18 O), velocity jumps near L1148-IRS (in CCS) and contraction motions on spatial scales 0.3 pc are not commonly observed in dense cores (see Section 2.1 and Appendix B3).
The environmental conditions in L1148 have actually been explored by Nutter et al. (2009) . Spatial offsets between intensity peaks at different wavelengths are consistent with external heating of the L1148 core. One could imagine that the core is sculpted by such a radiation field. Kirk et al. (2009) suggests indeed that the entire Cepheus Flare Complex is shaped by external triggering. Related externally triggered compression events would be suited to produce low critical masses via an increase in Penv.
It might, of course, also be that the initial unstable mass of the dense core was ∼ 1 M ⊙ , as suggested by Eq. (3), but that we now observe a much more evolved phase, where the initial mass is no longer relevant. Lee et al. (2009) , for instance, suggest that L328-IRS might have moved out of its natal core. This would leave this VeLLO with a small mass reservoir to accrete from. Huard et al. (2006) present a similar argument for L1014-IRS. The complex kinematics in L1148 might suggest such a scenario also for L1148-IRS. In fact, Section 2.1 shows that there is a possible -though not significant -7.
′′ 6 spatial offset (i.e., 2500 AU) between L1148-IRS and the core's column density peak. The growth of L1148-IRS might thus be stinted, because it has detached from the dense core from which it cannot accrete from it any longer.
Similarly, L1148-IRS could be in a very advanced stage of evolution where most of the envelope has been dispersed. In principle, strong VeLLO outflows (e.g., as those from IRAM04191; André et al. 1999 ) might be able to do this.
The credibility of these scenarios is unclear, though. Consider L1148-IRS as an example. Section 6.1 suggests that the presentday mass of this VeLLO is 0.1 M ⊙ . The immediate environment of L1148-IRS contains ∼ 0.14 M ⊙ (from the 4200 AU aperture mass). If outflows have dispersed the gas, they must thus have disrupted a core of about 0.75 M ⊙ . It is not known whether dispersal by outflows is efficient enough to do this (Arce et al. 2007 ). Similarly, it is not obvious how VeLLOs should be able to leave their parental dense core. That would require that accretion from the gas reservoir onto the VeLLO increases the relative velocity between the gas reservoir and the VeLLO. This seems unlikely.
SUMMARY
We present a detailed analysis of a candidate VeLLO in the Cepheus Flare, L1148-IRS. This work goes beyond the initial announcement of discovery (Kauffmann et al. 2005) by presenting: (i) a comprehensive and sensitive search for a CO outflow; (ii) detailed modelling of the observed spectral energy distribution; and (iii) extensive discussions of the properties of the natal dense core. In addition, (iv) the analysis is augmented by presenting L1148-IRS in the context of an up-to-date VeLLO catalogue. The main conclusions are as follows.
(1) L1148-IRS drives a compact (∼ 5 ′′ , about 1800 AU in projection) CO outflow (Section 3). This confirms L1148-IRS as a clear-cut protostar, and associates it with L1148 through its velocity. The outflow can only be detected in interferometer maps, such as those from the Plateau de Bure Interferometer presented here; single-dish data, e.g. from the IRAM 30m-telescope, do not reveal it. Weak compact (∼ 2 ′′ ) probable outflow nebulosity is seen near 2µm wavelength.
(2) Modelling of the spectral energy distribution suggests the presence of a point source of 0.08 to 0.13 L ⊙ and T eff = 2500 to 5000 K effective photospheric temperature (Section 4). Strong emission near 100µm wavelength requires this source to be deeply embedded in the natal dense core; it corresponds to a source of infrared class 0 or I. L1148-IRS does therefore meet all criteria to be a VeLLO (i.e., L 0.1 L ⊙ and embeddedness in a core), though this is just marginally the case for the luminosity.
(3) The natal dense core is characterized by densities and column densities that are unusually low for a star-forming core (Section 2.1). Multiple velocity components, velocity jumps, and velocity gradients are detected in the core, pointing towards unusual kinematic conditions in this region. Strong evidence for contraction motions is found in asymmetries of optically thick lines.
(4) Among all VeLLOs known, L1148-IRS stands out as the one with the lowest envelope mass and a core of unusually low (column) density (Table 2 in Section 6). It is a riddle how a star could have formed under these conditions. As in all other VeLLOs, the low luminosity suggests a substellar present mass for L1148-IRS, i.e. < 0.1 M ⊙ . The gravitationally unstable mass surrounding L1148-IRS appears to be 0.14 M ⊙ . Their sum suggests a very low final mass, so that L1148-IRS may be a good candidate for a proto brown dwarf forming in isolation. Table A1 presents the SED of L1148-IRS, compiled from data sources listed in Section 4.1. Here we give some further processing details.
APPENDIX A: PHOTOMETRY FOR L1148-IRS
In the IRAC and the MIPS1 band, we average results, if more than one flux density measurement is available. For the MIPS2 and MIPS3 band, we use our own aperture photometry results instead of the values derived by point-source fitting; this is likely to be better suited for the slightly extended emission. The SHARC-II and SCUBA upper limits are derived by adding the observed flux and the noise level times three (our SHARC-II limits supersede those from Wu et al. 2007 ). We check our photometry against further Spitzer MIPS (Kirk et al. 2009 ) and independent Akari (Nutter et al. 2009 ) studies of the region 7 . The data are usually consistent within their uncertainties. A notable exception is the Akari 7 D. Nutter provided us with dedicated photometry, based on the data from flux of 130 mJy at 90 µm wavelength; this is inconsistent with the much higher MIPS flux densities at 70 and 160µm. We have no explanation for this, but elect to rely on our higher quality Spitzer data.
APPENDIX B: THE L1148 DENSE CORE
As already explained in Section 2.1, Kauffmann et al. (2005) lacked the space to describe their data in detail. To provide a proper reference, we do therefore present those observations in this appendix. We also discuss new observations of contraction motions in L1148 (Appendix B5). To improve the readability of this paper, their rather straightforward discussion is removed from the main text.
In this appendix, we do therefore first introduce a previously rather undocumented data set that had never been documented well, i.e., our Effelsberg observations (Appendix B1). We then discuss the spatial mass distribution of the core in more detail than appropriate in the main text (Appendix B2). This is followed by extended discussions of the line emission data first used by Kauffmann et al. (2005) (Appendix B3: velocity field of the cloud; Appendix B4: molecular abundances). We finish with an analysis of new data on contraction motions in the cloud (Appendix B5).
B1 Additional Data: Effelsberg 100m-telescope
Spectroscopic observations with the Effelsberg 100m-telescope (operated by the Max-Planck-Institut für Radioastronomie in Bonn, Germany) were done 2005 April 13 and April 29 to May 2. The (J, F = 2, 1-1, 0) transition of CCS was observed with the facility 1.3 cm primary focus spectral line receiver and the AK90 autocorrelator as the backend. All data was taken in the frequency switching mode. The pointing corrections in azimuth and elevation were mostly below 6
′′ , but corrections of 15 ′′ occurred once. The focus corrections were below 0.6 mm. Pointing was checked at least once in 4 hours and the focus corrected at least once in 6 hours. Further details are listed in Table B1 .
The spectroscopic observations were reduced using CLASS. We removed low-order baselines and partially used Fourier (FFT) filtering to further improve the baseline quality. Further details of the data reduction are given in the respective sections below.
The data were calibrated using cross-scans towards 3C48, 3C123, 3C147, 3C286, and NGC7027. The observed telescope response is combined with the flux densities given by Ott et al. (1994) to determine the calibration factor. We use a factor of 3.62 to convert the dimensionless telescope counts into main beam brightness temperature. Please refer to \protect\vrule width0pt\protect\href{http://www.mpifr-bonn. mpg.de/staff/tpillai/eff_calib/eff_calib. html}{http://www.mpifr-bonn.mpg.de/staff/ tpillai/eff_calib/eff_calib.html} for more details.
B2 Spatial Mass Distribution
Based on the dust emission maps shown in Figures 1 and 2 , Kauffmann et al. (2008) noted that the L1148 region contains two parallel filaments of 3 M ⊙ and 9 M ⊙ , respectively of 1 ′ × 5 ′ size his Akari study (Nutter et al. 2009 ). We are grateful to him and J. Kirk for providing us their results in advance of publication. Notes. For every band the central wavelength and width of the filter, the telescope resolution, the apertures used for photometry, the measured flux density including color corrections (where necessary) and its uncertainty due to noise, and the calibration uncertainty are given. For most bands photometry is done by point-source fitting. Then the aperture to that the flux density refers is given by the point spread function (PSF) and we mark these bands by listing "PSF" as the used aperture. For the other bands, where we perform aperture photometry, the first number given for the aperture is the diameter across which the intensity is integrated, while the given range indicates the diameter of the inner and outer circle enclosing the area used to obtain an estimate for the background intensity (does not apply to bolometer data). The uncertainty in the MIPS 3 band reflects the flux density variation due to different aperture choices. (i.e, 0.1 × 0.5 pc 2 ; both filaments have a similar size). The northwestern filament contains L1148-IRS and has the lower mass. The H2 peak column densities are 6 × 10 21 cm −2 and 8 × 10 21 cm −2 . To derive radial density laws, we execute a new analysis of cuts through the dust emission peak near L1148-IRS. They are taken at a position angle 135 deg, i.e., perpendicular to the filament axis. The cuts (i.e., dust emission intensity as a function of offset from the peak) are compared to intensity profiles expected for density laws ̺(r) ∝ −α and constant dust temperature. The synthetic intensities are calculated taking the limited telescope resolution into account. Within the uncertainties, the dust emission distribution is consistent with pure power-laws with α = 1.75 to 2.0. In other words, compared to the beam diameter, regions of constant density (i.e., α = 0) cannot have a significant size. Kauffmann et al. (2005) used CCS (JF = 21-10) maps (not repeated here) to gauge the velocity field of the L1148 region on very large spatial scales (i.e., ≫ 1 ′ , or ≫ 0.1 pc). The maps reveal similar velocities ∼ 2.7 km s −1 for the two dust filaments (that are traced by the CCS intensity), and full width at half maximum (FWHM) line widths (from Gaussian fits) of 0.15 to 0.25 km s −1 . There is a velocity gradient along the north-western dust filament harboring L1148-IRS: the filament's north-eastern edge (that contains L1148-IRS) has a velocity 2.63 km s −1 , while the south-western end moves with 2.78 km s −1 . This difference of 0.15 km s −1 is similar to the line width, and thus rather significant. The transition from "low" to "high" velocity occurs rather abruptly, i.e., over a distance of only ≈ 1 ′ , or ≈ 0.1 pc. This suggests that this filament actually consists of two physically independent objects that form a single object only in projection. The line width is slightly elevated in the transition region, but not to a level which would clearly indicate the physical interaction of the two velocity components (e.g., not by a multiple of the average line width). The transition zone lies only ≈ 1 ′ to the south-east of L1148-IRS, and is thus relatively close to our target object.
B3 Velocity Field
In the maps of Kauffmann et al. (2005) , smaller spatial scales are well probed by the C 18 O (J = 2-1) maps of size 100 ′′ × 100 ′′ , or (0.16 pc)
2 . As shown in Figure B1 , they reveal two velocity components in the immediate vicinity of L1148-IRS: one at velocities ∼ 2.6 km s −1 , and one at ∼ 3.0 km s −1 . The FWHM line widths (from Gaussian fits) show significant variation across the map; they are 0.2 to 0.5 km s −1 , when only taking reliable fits into account. The velocity of the lower-velocity emission globally increases from north-east to the south-west, but this trend is not as distinct as seen in CCS. Interestingly, the C 18 O integrated intensity presented in Figure B2 does not correlate with the dust intensity distribution (also see Appendix B4).
The kinematics of the very dense gas are traced by the N2H + (J = 1-0) maps of Kauffmann et al. (2005) . As seen in Figure B2 , these cover the same region as the C 18 O maps. The spectra show no signs of multiple velocity components. Characteristic velocities can be derived by simultaneously fitting all N2H + hyperfine satellites. They are of order 2.6 km s −1 . Velocities increase from north-east (∼ 2.55 km s (de Gregorio-Monsalvo et al. 2006) , are observed to typically have lines wider than 0.25 km s −1 . It is, e.g., possible that the wide lines in non-VeLLO cores are a manifestation of large-scale rapid inward motions associated with accretion on forming stars. If these motions are slower in VeLLO cores, or their spatial extent is smaller, then if would be understandable why VeLLO cores have so narrow lines. However, in the light of the present data situation, any such consideration remains speculative.
B4 Molecular Abundances
The CCS integrated intensity does not correlate well with the dust emission ( Figure 3 of Kauffmann et al. 2005) . In contrast, N2H + (1-0) emission ( Figure B2 ) traces the core very well.
The correlation between the C 18 O (2-1) emission and the dust distribution is unusually weak ( Figure B2 ): while the dust emission filament runs NE-SW, the C 18 O emission features a distinct wedge that starts near L1148-IRS and flares towards SSE (position angle roughly 160
• ). This structure is part of the aforementioned lowervelocity C 18 O component: it is still seen if subtracting the emission from the higher-velocity component from the map (by using the fits shown in Figure B1 ). Kauffmann et al. (2005) calculate abundances using the procedures and molecular constants laid out by Crapsi et al. (2005a) ; for N2H + , optical depths and excitation temperatures are derived from hyperfine-fits, while C 18 O lines are assumed to be optically thin and to have an excitation temperature of 10 K. Under these assumptions, the CO depletion factor (which is supposed to increase when CO freezes out onto dust), f 
where S beam 1.2 mm is the dust emission intensity (per 11 ′′ beam), and T mb (C 18 O[2 − 1]) dv is the velocity-integrated C 18 O intensity in T mb -scale. Note that Kauffmann et al. (2005) use -in deviation to all other parts of this paper -dust emission intensity-to-mass conversion factors from Crapsi et al. (2005a) instead of those suggested by Kauffmann et al. (2008) . This scheme is adopted to make our depletion factors more comparable to those of Crapsi et al. Table B2 . Dotted vertical lines indicate the systemic velocity derived from the N 2 H + (J, F 1 , F = 1, 0, 1-0, 1, 2) transition. All well detected lines believed to be good tracers of infall have peaks blueshifted from the systemic velocity, indicating inward motions.
The CO depletion factor peaks towards L1148-IRS, where f d = 7.8 ± 1.3. Compared to other dense cores, this is relatively low, in particular since this approach is likely to overestimate the true value (see above). For the same position, an N2H + column density of (3.1 ± 0.6) × 10 12 cm −2 is derived from deep new integrations to probe contraction motions (Appendix B5). We do not detect significant N2D + emission. Assuming that the lines are optically thin, we derive N2D + column densities < 0.5 × 10 12 cm −2 (using the intensity noise level times three).
B5 Contraction Motions
The systemic reference velocity of the dense core, v ref , can be well measured using the optically thin J, F1, F = 1, 0, 1-0, 1, 2 transition of the N2H + dense gas tracer. Towards L1148-IRS, we derive a velocity of 2.60 km s −1 (Table B2 ). Many supposedly optically thick lines do, however, peak at lower velocities ( Figure B3 ), i.e. they are blue-shifted. Such velocity shifts are characteristic of dense cores undergoing contraction (Leung & Brown 1977) . The velocity offset of a line peaking at velocity vi can be characterized using dimensionless velocity differences, (Mardones et al. 1997) , where ∆v is the line width at half peak intensity. If δvi < 0, then the line is blue-shifted, which suggests contraction motions. Expansion implies δvi > 0. Table B2 gives observed peak velocities in L1148. These are derived by fitting Gaussian lines to the peaks (and sometimes additional Gaussians to the base). Table B3 gives the corresponding dimensionless velocity differences. As outlined in Figure 2 , we searched three positions for contraction motions, in order to remove 
